Abstract: Mixed nanocrystalline ceria-zirconia oxides doped with praseodymium containing 5, 7.5, 10, and 12.5 wt. % nickel were prepared by the incipient wetness impregnation of the oxide support. Complex physicochemical characterization by X-ray diffraction analysis, ultraviolet-visible diffuse reflectance spectroscopy, high resolution transmission electron microscopy and Fourier-transform infrared spectroscopy of adsorbed CO revealed that the nickelcontaining samples are comprised of a solid solution of praseodymium, cerium and zirconium oxides with the fluorite structure as well as nickel oxide particles with a size up to 100 nm. All prepared nanocomposite catalysts show a high catalytic activity in the water-gas shift reaction. The optimum content of nickel in the catalyst providing the maximum activity was found to be 10 wt. %. A high oxygen mobility in these catalysts estimated by the temperature-programmed oxygen isotope heteroexchange with C 18 O 2 provides required coking stability. To eliminate local overheating of the catalyst and decrease the pressure drop in the reactor, as required for further up-scaling, the active component was supported on a metal plate made of Ni-Al foam alloy. At a fixed contact time, the same level of CO conversion with a fraction of the active component was achieved with an approximately 50 wt% loading on the support.
Introduction
In recent years, great attention has been paid in the literature to different variants of pure energy sources [1] . Among them, the most promising is hydrogen, which has some advantages over conventional sources of energy. The conversion of vehicles and industry to hydrogen combustion would protect the air from contamination with carbon, nitrogen and sulfur oxides. Hydrogen is among the most efficient energy carriers, its highest productivity being attained in fuel cells with the efficiency of 60-80%. At the same time, hydrogen serves as a feedstock for some important industrial processes in chemistry, petrochemistry, and metallurgy. An evergrowing consumption of hydrogen is expected in the future.
Currently, the most cost effective way to produce hydrogen is the steam reforming of hydrocarbons or biofuels [1] [2] [3] [4] . To increase the hydrogen content, the second stage of the process -the water-gas shift (WGS) reactionis used, which occurs in a broad temperature range and is slightly exothermic. For the intermediate temperature range, catalysts containing oxides of iron and chromium are often used, while catalysts containing oxides of copper, zinc, aluminum, and chromium are usually applied in the low-temperature range [5] . In recent years, catalysts based on metal-loaded ceria and ceria-zirconia oxides are considered to be the most promising for these reactions due to their performance stability and resistance to coking and sulfur poisoning [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Among different supported metals Ni is apparently the most promising due to its availability, high activity, and low cost. The drawback of nickel catalysts is their rapid deactivation due to sintering and coking on traditional supports such as alumina [15] . This problem can be solved by using mixed ceria-zirconia oxides doped with praseodymium as supports, as they possess a high oxygen mobility and reactivity [16] [17] [18] .
In this work, samples of the nickel-loaded Pr 0.2 Ce 0.4 Zr 0.4 O 2 mixed oxide were synthesized to examine their physicochemical properties and catalytic performance in the water-gas shift reaction.
Methods

Synthesis of catalyst samples
The Pr 0.2 Ce 0.4 Zr 0.4 O 2 support was prepared via the Pechini method, which ensures uniform mixing of multicomponent systems at the molecular level to obtain complex oxide systems with a specified stoichiometry [16] [17] [18] .
Ni/PrCeZrO samples containing 5, 7.5, 10, and 12.5 wt. % of Ni were prepared by the incipient wetness impregnation of the oxide support with an aqueous solution of Ni 2+ nitrate salt. Further, Ni/PrCeZrO samples were dried using microwave heating and calcined at 700°C in air for 2 h.
A heat-conducting Ni-Al foam platelet (size 10x20x2 mm 3 , density 2.5 g/cm 3 ) was used for supporting the Ni(10wt.%)/PrCeZrO catalyst by dip-coating it into a slurry prepared by ultrasonically dispersing the catalyst powder in isopropyl alcohol with addition of polyvinyl butyral as a binder followed by drying and calcination at 700 o C under air [19] . The procedure was optimized to support 50 mg of catalyst on the platelet.
Catalyst characterization techniques
Specific surface measurement (BET). The specific surface area of all samples was measured by the express variant of the BET method using the data of argon thermal desorption in a SORBI-M instrument.
X-ray diffraction analysis (XRD). The phase composition of samples was examined by X-ray powder diffraction. X-ray diffraction patterns were recorded in the angular region of 20-110° 2θ (step of 0.05°, 3 s per step) on a Bruker D8 Advance diffractometer using a CuKα source with a LynxEye position sensitive detector and processed using a software package supplied with the diffractometer. The phase analysis was performed using ICDD PDF-2 and ICSD data bases. The cell parameters were refined with PCW software (v. 
Ultraviolet-visible
diffuse reflectance spectroscopy (UV-Vis DRS). Diffuse reflectance spectra (UV-Vis) were recorded on a UV-2501 PC (Shimadzu) spectrophotometer equipped with an ISR-240 A diffuse reflectance attachment. Powdered samples were placed in a quartz cuvette with an optical path length of 2 mm. Spectra were taken against BaSO 4 as the reflectance standard in the range of 190-900 nm (11 000-53 000 cm -1 ). High resolution transmission electron microscopy (HRTEM). The structure of the powders was investigated by transmission electron microscopy on a JEM-2010 (Jeol, Japan) microscope with accelerating voltage 200 kV and resolution 1.4 Å.
Fourier-transform infrared spectroscopy of adsorbed CO (FTIRS of adsorbed CO). 18 O atom fraction α(t) (referred to as isotope kinetic curves) were analyzed by using isotope kinetic equations as described elsewhere [20] .
Temperature-programmed reduction by СО (CO TPR). A 0.1 g sample (0.25-0.5 mm fraction) was diluted with 0.9-1 cm 3 of 0.5-1 mm quartz grains. The samples were pretreated before the kinetic experiments by heating in a He+O 2 mixture to 400°C at a flow rate of 10 L/h, holding at this temperature for 30 min, and then rapidly cooling in the flowing mixture to room temperature; the residual oxidizing mixture was then blown off, and a mixture containing 1% CO and He as a balance was fed. In the temperature-programmed reduction of CO the sample was heated to 600°C at a rate of 5°/min and held at this temperature for 70 min. This was followed by rapid cooling to room temperature in flowing He. Water-gas shift reaction. The catalytic activity of the catalyst fraction in the water-gas shift reaction was studied after carrying out CO TPR (vide supra). A mixture of 1.1%CO, 2% H 2 O, and He as a balance was fed into the reactor at room temperature, then samples were heated to 600°C and brought to a steady state. After that, the temperature was decreased stepwise to measure the catalytic activity. The catalytic activity of the platelet loading with Ni/ PrCeZrO catalyst was tested at the same gas flow rate after reduction by CO in the specially designed reactor with flat walls to avoid gas steam slip [19] . Table 1 lists crystallographic data (unit cell parameters and crystallite sizes) indicating that an increase of the amount of loaded nickel from 5% to 12.5% increases the crystallite size of NiO from 26. (Fig. 2 , curve 1) reveals a strong absorption in the region above 17 000 cm -1 where two zones can be distinguished: 17 000 -27 000 and 27 000 -55 000 cm -1 . According to XRD data ( Fig. 1 and Table 1 ), the initial support consists of 3-10 nm particles and aggregates with the size up to 1 µm. This suggests that absorption in UV-Vis spectrum in the region of 27 000 -55 000 cm -1 is caused most likely by the absorption of large aggregates of the support, whereas at 17 000-27 000 cm -1 it is most likely caused by the absorption of small particles of the initial support. As known from the literature [22, 23] , spectra of Pr 3+ cations can be characterized by f-f transitions with maxima at 17 000, 20 700, 21 300 and 22 500 cm -1 . The indicated absorption bands may broaden owing to inhomogeneity of the system, and a single broad band at 17 000-27 000 cm -1 appears in the UV-Vis spectra (Fig. 2) of PrCeZr samples.
UV-Vis spectra
Three absorption regions can be distinguished in the UV-Vis spectra of the nickel-containing samples (Fig.  2, curves 2-5 ). In the visible range of the spectrum the absorption band (a.b.) at 13 900 cm -1 is observed; in the region of 17 000-27 000 cm -1 there are three a.b. at 21 500, 24 200 and 26 300 cm -1 ; in the region of 27 000-55 000 cm -1 there is a quite distinct a.b. at 30 600 cm -1 . As shown by XRD ( Fig. 1 ), which are stabilized in the NiO structure. The intensity of this band gradually increases with the content of Ni 2+ cations in the sample, which is consistent with the XRD data on nickelcontaining samples before the reaction.
In the second absorption region of the UV-Vis spectra of all nickel-containing samples, three a.b. can be seen at 21 500, 24 200 and 26 300 cm -1 against the general absorption background of the initial support in the region of 17 000-27 000 cm -1 ; as noted in [24, 25] , such bands are also caused by the d-d transitions of Ni 2+ Oh cations stabilized in the NiO structure.
In the third absorption region of 27 000-55 000 cm -1 , a well-resolved a.b. at 30 600 cm -1 is observed, which is unlikely to be due to Ni 2+ Oh cations stabilized in the NiO structure because it is quite weak in the initial support. The analysis of the UV-Vis spectra of pristine oxides ZrO 2 and CeO 2 (the spectra are not displayed) reveals that ZrO 2 has an absorption in the region above 42 000 cm -1 , while for CeO 2 a strong absorption is observed in the region above 30 000 cm -1 , and there is always an a.b. at 30 600 cm -1 , which is assigned to Ce 3+ cations [26] . Thus, it can be supposed that the initial support contains both Ce 4+ and Ce 3+ cations, and the latter manifest themselves as an a.b. at 30 600 cm -1 . When compared to the spectra of the support, the spectra of the catalysts contain the absorption bands in the low-and high-frequency regions characteristic for Ni 2+ Oh .
TEM
Morphological features of samples before and after the WGS reaction were examined by HRTEM (Figs. 3 and 4) . According to electron microscopy data, the initial support sample is a well crystallized fluorite with the particle size of 10-20 nm. The reported interplanar distances slightly differ from each other (2.68-3.12 Å). This may be related to some inhomogeneity in the distribution of cations over the fluorite lattice, because the distances for pristine oxide CeZrO 2 are (111) 3.06 Å and (200) 2.66 Å.
In the initial samples of the Ni/Pr 0.2 Ce 0.4 Zr 0.4 O 2 catalyst with nickel content of 10% and 12.5%, nickel is in the oxide form. NiO particles are well crystallized, with interplanar distances ranging from 1.91 to 2.14 Å. Crystals of supported NiO are ca. 150 nm in size, which strongly exceeds the X-ray size of the oxide (Table 1) . Hence, NiO particles are formed by several stacked domains.
Thus, according to XRD data, the initial Ni/ PrCeZrO catalysts are comprised of a solid solution of praseodymium, cerium and zirconium oxides with a fluorite structure, as well as nickel oxide. The size of NiO crystallites increases with the nickel loading, while the specific surface area of the catalysts remains almost unchanged. The UV-Vis spectra of the catalysts, when compared with the spectrum of the support, contain 
Surface characteristics of adsorbed CO by FTIR
Typical FTIR spectra of the oxidized samples are shown in Fig. 5 . Here only carbonyl bands corresponding to terminal carbonyls with νCO > 2100 cm -1 are observed, while lowfrequency bands corresponding to bridging carbonyls are not detected. The band observed at 2155 cm -1 can be attributed to CO adsorption on the OH groups, or cerium, zirconium, or praseodymium cations, and also to CO complexes with Ni 2+ cations [18, 27] . The dependence of the intensity of the band at 2155 cm -1 on the nickel content in the sample is complex which could be explained by the aggregation of NiO on the surface that increases with increased loading. The absorption band at 2135 cm -1 refers to physically adsorbed CO. A broad absorption band at 2105 cm -1 can be related to CO adsorbed on nickel atoms appearing due to the reduction of Ni 2+-O surface species with CO adsorption [28] . Note that bands corresponding to bridging carbonyls in the low frequency range ~1900-1950 cm -1 are not observed. Hence, similar to earlier studied Ni/ CeZrO catalysts [29] , a strong interaction of Ni cations with the surface of the fluorite support results in the dilution of surface Ni atoms by the cations in the support, and is required for prevention of coke nucleation. For samples reduced by H 2 , a strong absorption of IR radiation due to the presence of reduced Ni cations in the bulk does not allow the recording of any spectra.
Oxygen mobility
As follows from 
Samples reactivity by CO TPR
Reactivity of the surface sites in the synthesized nickel catalysts was studied using the surface reduction method. A series of nickel-containing samples was consecutively subjected to temperature-programmed reduction by carbon monoxide. Fig. 7 illustrates the results of the temperatureprogrammed reduction of nickel catalysts by CO. For all nickel catalysts, formation of CO 2 starts at 250-300°С and proceeds up to elevated temperatures. This demonstrates the high oxygen mobility of all the nickel catalysts, both on the surface and in the bulk. A high mobility of the lattice oxygen may be ensured by a domain boundary between nickel oxide and fluorite phases. Note that for the sample with the lowest amount of supported Ni, the reduction starts at the lowest temperature of ~100 o C. This is explained by a high reactivity of clustered Ni cations on the surface of the support. Table 2 (1), 7.5% (2), 10% (3) and 12.5% (4). composition, specific surface area and the number of oxygen monolayers removed from samples in CO TPR. A high amount of removed oxygen clearly demonstrates that the main TPR peak corresponds to reduction of the bulk fluorite oxide support, demonstrating a high oxygen mobility in the lattice in reducing conditions.
Catalytic properties
The catalytic activity of the Ni/Pr 0.2 Ce 0.4 Zr 0.4 O 2 catalysts with varying Ni contents was studied in the WGS reaction in the mixture 1.1% CO + 2% H 2 O in He, at a contact time of 50 ms, in the temperature range of 100-600°C. As shown in Fig. 8 , the catalysts possess a high specific activity in the low-temperature range, so that already at 350°C, in a short contact time of around 10 ms, equilibrium was achieved, and at higher temperatures the effluent composition was controlled by the equilibrium, thus decreasing hydrogen and carbon dioxide content with temperature increase. In general, in a dilute feed, the activities of all catalysts were quite similar. All the tested catalysts demonstrated good and stable activity in WGS reaction in the intermediate temperature range. Our experiments show that the content of the reaction products and, hence, the catalytic activity, depend only slightly on the amount of supported active component. The specific rate of CO 2 formation related to the content of supported Ni even decreases with Ni content (Fig. 9 ). This is explained by a decrease of Ni dispersion with decreasing content, due both to an increase in the size of Ni particles and a decreasing share of Ni cations located in the surface layers of the support as isolated/ clustered species.
As the reaction is exothermic, the use of large amounts of a catalyst may produce serious problems with local overheating. To solve this problem and decrease the gasflow resistance, a Ni(10%)/Pr 0.2 Ce 0.4 Zr 0.4 O 2 active component was deposited on a porous metal plate made of densified aluminized nickel foam earlier described in [19] . The results of catalytic testing are illustrated in Fig. 10 .
High performance of the platelet is apparent since when a smaller amount of the catalyst was deposited on the plate (1/2 of the original weight) a high activity was maintained, especially at higher reaction temperatures.
Samples after the reaction
According to the XRD data displayed in Fig. 11 and Table  1 , the catalysts tested in the steam conversion of CO . A light diffuse halo observed in the angular range of 37.5 -44° in the diffraction pattern testifies to the presence of an X-ray amorphous phase in this sample, most probably small Ni clusters on the support surface.
As shown by HRTEM data (Fig. 12) , the fluorite particles remain virtually unchanged after the reaction. The supported active component is represented by nickel metal particles coated with a thin nickel oxide layer. Since the reaction proceeds in a reducing medium, nickel oxide is reduced to metallic nickel. When the sample is unloaded from the reactor for electron microscopy studies, the surface of nickel metal particles is oxidized due to the high oxidation power and pyrophoric ability of the particles. Particle sizes increased to 1 µm, probably due to sintering. A minor amount of carbon observed on the sample surface could result from the partial disproportionation of CO. Fig. 13 displays the UV-Vis spectra of the sample with a maximum content of Ni before (curve 1) and after the reaction (curve 2). The analysis shows that the UV-Vis spectrum of the nickel-containing sample taken before the reaction (vide supra) substantially differs from that recorded after the reaction. The UV-Vis spectrum of the sample after the reaction shows a significant increase in the background over the entire absorption region in the visible range. According to XRD data, the sample after the reaction is comprised of metal nickel particles and the initial support. However, the HRTEM study revealed not only metal nickel particles and the initial support but also a small amount of carbon in the sample. The analysis of XRD and HRTEM data suggests that a strong increase in the background absorption observed in UV-Vis spectrum in the region up to 27 000 cm . In addition, samples from after the reaction contain metallic nickel with a particle size comparable to that of NiO in the catalyst before the reaction. UV-Vis spectra of samples after the reaction show an increase in the background that most likely indicates the presence of metallic nickel particles. According to the HRTEM of samples after the reaction, the active component is made up of metallic nickel particles coated with a thin layer of nickel oxide. 
Conclusions
Ni/PrCeZrO catalysts demonstrate a high activity in the intermediate temperature range (300-500°C). CO conversion and hydrogen content only slightly depend on the loading of active component, thus demonstrating aggregation of Ni when added to the support at high content levels. The highest specific catalytic activity is achieved with a nickel content of 5 wt. %, which could be sufficient for practical applications. A high oxygen mobility and reactivity in the support as well as strong metal-support interactions provide the catalysts' stability and resistance to coking.
To eliminate the local overheating of the catalyst and decrease the pressure drop in the reactor as required for further up-scaling, the active component was supported on a metal plate made of Ni-Al foam alloy. At a fixed contact time a 50% weight loading of catalyst gives the same level of CO conversion as the original catalyst. 
